Abstract -A novel structured energy loss evaluation paradigm for the cement clinker manufacturing process is presented to identify thermal energy losses. According to the thermal energy balance relations of the cement clinker manufacturing process and the feasibility and profitability of energy saving implements, the detailed energy saving potential check and thermal energy loss distribution histogram of the cement clinker manufacturing process can be realized, which provides full transparency visualization about the thermal energy saving potential up to the best practice. A case study on a real cement clinker plant is presented which show the benefit of such a transparent thermal energy saving potential evaluation paradigm.
I. INTRODUCTION
The cement clinker manufacturing process is an energyintensive process which involves complex conversion and consumption of thermal energy. The energy accounts for 12-15% of total industrial energy consumption and the energy cost is up to approximately 50% of production costs [1, 2] . Thermal energy accounts for about 20-25% of the cement production cost [3] . Therefore, it is necessary to identify energy losses so that energy efficiency improvement measures could be implemented to reduce energy consumption and increase profitability.
Energy supply-demand models, energy forecasting models, energy dissipation models, energy optimization models and energy efficiency analytical models of various high energy consumption industries have been studied by scholars around the world. For energy supply-demand models, researches are mainly based on statistical models and focus on the macro level. For example, Sérgio M. Miranda-da-Cruz has proposed a three-step analysis model for the energy supply and demand at country level [4] . Takashi Kanamura has proposed a supply and demand based volatility model for natural gas prices [5] . For energy forecasting models, researches are most focusing on electricity demand. For example, Ardakani and Ardehali have proposed an optimal ANN model based on particle swarm optimization and shuffled frog-leaping algorithms to forecast long-term electrical energy consumption [6] . Wu et al. have proposed a dynamic approach based on the single multiplicative neuron model to forecast energy consumption with small dataset and nonlinearity [7] . For energy dissipation models, energy flows in the high consumption manufacturing processes such as cement, steel and aluminum are analysed and the energy consumption definition of each process is made [8] [9] [10] . For energy optimization models, the main aims concerns on overconsumption and direct waste of resources. For example, haikarainen have given a structural and operational optimization model for the distributed heating system at system level [11] . Petri and his cooperators have presented a modular based optimization system that can address the variability in building dynamics to fulfil a number of energy related objectives [12] . For energy efficiency analytical models, Giacone and Mancò have defined the energy efficiencies which were independent of specific energy forms and energy equipment [13] , and some scholars have analysed the available energy and the energy efficiency indexes for industrial processes [14, 15] . Liu et al. have established the energy efficiency analytic models between the cement clinker manufacturing process and its sub process units [16] . The above-mentioned studies on energy models of industries have played an important role in the energy conservations and emission reductions. They can be achieved by considering the system as a "black box" and by applying the input-output methodology. However, the detailed energy losses in a process are not clearly identified, and the energy saving potential is not certainly quantified.
In this study, a structured thermal energy loss evaluation paradigm is established based on the thermal energy balance relations of the cement clinker manufacturing process. The main objective of this paper is to subdivide the energy losses of cement clinker production process and further capture the total energy saving potential of the production process. The detailed energy saving potential check and thermal energy loss distribution histogram of the cement clinker manufacturing process can be realized. It provides full transparency visualization about the energy saving potential up to the best practice combined with a case study of 10000 t/d cement clinker manufacturing process in China.
II. THERMAL ENERGY BALANCE OF THE CEMENT CLINKER MANUFACTURING PROCESS

A. Brief Introduction of the Cement Clinker Manufacturing Process
The schematic diagram of the cement clinker manufacturing process that is considered for thermal energy balance analysis is shown in Fig. 1 . To begin with, the raw meal preheated and decomposed by cyclone preheater and calciner. Pre-decomposed materials enter into rotary kiln for calcination and continuously move to grate cooler due to the continuous rotation and inclined placement of rotary kiln. The clinker is formed after being calcined by the high temperature of the rotary kiln burning zone. Finally, the hot clinker goes towards to grate cooler for cooling [1, 16] . In the cement clinker manufacturing process, thermal energy is the main energy consumption, so it is the only energy category for consideration in this paper. 
B. The Scope of Thermal Energy Balance Analysis
The scope of thermal energy balance analysis of the cement clinker manufacturing process is from the outlet of preheater to the outlet of grate cooler, which is shown in Fig.1 . The main energy input is the combustion heat of the coal. The main energy output includes the formation heat of clinker, the sensible heat of exhaust gas at the preheater outlet, the sensible heat of exhaust gas at the grate cooler outlet, the heat dissipation of system surface and other heat expenditures. The detailed thermal energy input and output in the cement clinker manufacturing process is shown in Table I [16] .
III. SAVING POTENTIAL EVALUATION PARADIGM FOR THERMAL ENERGY
Thermal energy saving potential evaluation aims at the reduction of unnecessary energy losses as well as the reduction of energy costs. The evaluation paradigm creates transparency maximum energy saving potential by comparing with ideal plant circumstances.
The evaluation paradigm is divided in two parts: the saving potential check and the thermal energy loss distribution. The saving potential check is described in Section A. In the next section, the thermal energy loss distribution is generated and implemented. This paradigm enables the comparison of energy loss across different processes.
A. Energy Saving Potential Check
Specific energy consumption (SEC) is taken as the measurement unit, which is defined as kilojoules per kilogram cement clinker (kJ/kg.cl).
The energy saving potential check (ESPC) identifies all potentials for energy savings in plants. The goal is to create a complete database with total energy consumption and energy costs of all relevant energy consumers and producers. The energy consumption and energy loss distribution can be estimated using energy balances [19] . In the view of energy loss, the existing energy expenditure of the cement clinker manufacturing process can be divided into three parts:
1) The formation heat of clinker, which is the available energy and the intrinsic energy consumption of the cement clinker manufacturing process. The calculation formula of formation heat of clinker is as follows [20] Fe O is the mass fraction of corresponding clinker components, and is expressed as a percentage(%).
2) The static energy loss that is based on the limit of cement clinker manufacturing technology and equipment, which is not frequently changing over time. This energy loss part is obtained by comparison with the best practice. The energy saving potential of this part is achieved through technology and equipment modification, that is to say that it needs capital investment. The energy losses of this part include the following items: (1) Part of sensible heat of clinker out of grate cooler within the scope of the best practice, Q . In static energy loss, the best practice is the benchmark line. The first six items are not only included in static energy loss part, but also included in dynamic loss part. The energy losses of the first six items within the scope of the best practice are classified into the static energy loss part.
3) The dynamic energy loss that is based on the process parameters and equipment status, which is frequently changing over time. The energy saving potential of this part is achieved through parameters optimization and equipment maintenance. The energy losses of this part include the following items: (1) Part of sensible heat of clinker out of grate cooler out of the scope of the best practice, ' ' Lsh Q ; (2) Part of heat consumption of water evaporation in raw materials out of the scope of the best practice, ' ' ss Q ; (3) Part of sensible heat of exhaust gas at preheater out of the scope of the best practice, ' ' f Q ; (4) Part of sensible heat of fly ashes at preheater outlet out of the scope of the best practice, ' ' fh Q ; (5) Part of sensible heat of exhaust air out of grate cooler out of the scope of the best practice, ' ' pk Q ; (6) Part of sensible heat of fly ashes at grate cooler outlet out of the scope of the best practice, ' ' Lfh Q ; (7) All of heat loss of mechanical incomplete combustion, jb Q ; (8) All of heat loss of chemical incomplete combustion, hb Q . In dynamic energy loss, the first six items are the energy losses out the scope of the best practice.
The energy losses of the cement clinker manufacturing process can be expressed as follows:
Where available Q is the intrinsic energy consumption of the cement clinker manufacturing process, the formation heat of clinker, static Q is the static energy loss, dynamic Q is the dynamic energy loss. In the second step, improvement ideas are collected by comparing with the best practices. All implements are evaluated with respect to feasibility and profitability and can be sorted into 3 parts [18] . Details on how these potentials are identified and calculated are defined as follows:
1) The theoretical saving potential. The theoretical potential represents the maximum improvement potential that can be achieved with respect to available energy, which describes the distance to the ideal system and can't realize in the real word. The mathematical expression is shown in (3). For theoretical energy saving potential, the static and dynamic energy loss are the energy potential, which is not realized based on the exiting technology.
Where, P T is the theoretical energy saving potential.
2) The technical saving potential The technical potential represents the improvement potential after technology is applied, which remains from the theoretical potential. Values of the technical potential can be obtained by comparing with the best practice. Because the best practice contains the available energy and the energy losses based on the existing technology, the technical potential is less than the theoretical one. The technical saving potential can be expressed as follows:
Where, P H is the technical saving potential, 3) The economic saving potential The economic potential represents the improvement potential that remains after the economic factors are taken into account. The economic saving potential can be expressed as follows:
Where, P E is the economic saving potential, E Q Δ is the amount of energy saving potential.
For technically feasible parts, the savings potentials will be calculated. Within the scope of the ESPC Check, thermal energy saving potentials can be quantified. For the economical savings potentials, only a reduction of the dynamic part is considered. Theoretical, technical and economic energy saving potentials are illustrated in Fig.2 . 
B. Thermal Energy Loss Distribution Histogram
The thermal energy loss distribution histogram that generates from the energy saving potential check is the intuitive presentation and quantification of the energy loss of each part. The thermal energy loss distribution histogram provides the plant managers with a clear reporting chart to show the energy saving potentials of each part [17] . A simplified thermal energy loss distribution histogram is depicted in Fig. 3 . The green part is the energy saving potential for each part. For a certain process, detailed descriptions and explanations of a given process are required. 
A. The Energy Saving Potential Check
Detailed check for each of energy expenditure is accomplished in this section in order to identify the largest energy saving potentials. Thermal energy inputs and outputs of a cement clinker manufacturing process are listed in Table  II . The evaluation of energy expenditures are described in the following.
The total energy input of the process is 3343.72kJ/kg.cl. The available energy of the total energy input is the Formation heat of clinker, which is calculated according to (1) and the Appendix A. The thermal energy efficiency of this process is 54.39%.
For sensible heat of clinker out of grate cooler, temperature of clinker out of grate cooler is 110 , which is 82 higher than the ambient temperature. According to the existing grate cooling technology, the clinker temperature out of grate cool can be controlled lower than 65 plus the ambient temperature. So the sensible heat of clinker out of grate cooler in this process is higher than the best practice. The energy loss within the best practice is included in static energy loss and the one beyond the best practice is categorized as dynamic energy loss. According to this criterion, the static energy loss part of sensible heat of clinker out of grate cooler is 73.39kJ/kg.cl; the dynamic energy loss part of that is 13.41kg/kg.cl. The dynamic energy loss can be reduced by reasonable control, such as increasing the amount of cooling air.
For the heat consumption of water evaporation in raw materials, the moisture content in raw material is 0.2%, which is lower than the expected value (0.5%). So the heat consumption for water evaporation of raw materials is included in the static energy loss part.
Sensible heat of exhaust gas and fly ashes at preheater outlet and sensible heat of exhaust air and fly ashes out of grate cooler are two main part of energy losses, which plays a decisive role in the heat loss of cement clinker manufacturing process and is the key factor for identifying the heat loss between different processes. The sensible heat of exhaust air and fly ashes out of grate cooler is within the reasonable range, which is included in the static energy loss part. For the sensible heat of exhaust gas and fly ashes at preheater outlet, that consumes 22.16% of the total energy consumption, is higher than the expected value (20%). For extra 2.16%, we classify it as the dynamic energy loss part. Fortunately, the waste heat power generation makes the exhaust gas out of kiln system become utilized. Heat recovery of waste heat power generation process, that is the energy saving potential of exhaust gas, is 114.24kJ/kg.cl. The high oxygen content of exhaust gas out of preheater indicates the excessive air out of the preheater. Generally, the oxygen content should be control at around 3.5%, which is more reasonable and accordingly can further reduce the heat loss.
Sensible heat of fly ashes and air draft for coal grinding is another utilization mode of thermal energy loss. Because utilization efficiency of this energy expenditure can't be calculated, we count it as the static energy loss.
Heat dissipation of system surface is mainly depended on the ambient temperature and wind speed. The equipment status is another factor that influences this energy expenditure, such as the status of cement kiln refractory bricks. Compared with the amount of heat dissipation of system surface, the variable part of that is very small and changes slowly. So, we include the heat dissipation of system surface into the static energy loss part.
The calculation of the heat loss of chemical incomplete combustion is formulated in (6) . The CO content of exhaust gas out preheater is much lower than the expected value (0.1%), which is included in the static energy loss part.
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Where, V f is the hourly exhaust gas volume out of preheater, M sh clinker productivity per hour, CO f is the volume fraction of CO in the exhaust gas out of preheater.
The calculation of the heat loss of chemical incomplete combustion is shown in (7) . The ignition loss of this study is 0.29%, which is much lower than the expected value (1.0%).
So, the calculation of the heat loss of chemical incomplete combustion is attributed to the static energy loss part.
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Where, L sh is the ignition loss of clinker that is expressed as percentage. "Other heat expenditures" is the item that is used for the balance of input and output and has no real meaning. 
B. The Thermal Energy Loss Distribution Histogram
The thermal energy loss distribution histogram is set up based on the above energy saving potential check, which is shown in Fig4. The red histogram is the formation heat of clinker. In the static energy loss part, the blue histogram is the intrinsic energy loss according to the existing best practice. In the static part of energy saving potentials, the energy saving amount with waste heat power generation equipment investments is shown with deep green histogram. For the static and dynamic part of the energy losses, the statistical data is analysed by compared with the best practice. It is possible to extract the influence of suboptimal operation from the total energy consumption. The pale green histogram is the dynamic energy loss part of sensible heat of clinker out of grate cooler, it can be reduced by better process control. For static energy loss, technology or equipment modification is the primary means of improving energy savings. For dynamic energy loss, operational parameters optimization can realize the energy saving. This approach therefore creates transparency in the management of energy losses and gives the visualization of energy efficiency.
As we can see from the Fig.4 , the dynamic energy loss is relatively small, which indicates that the process parameters are well controlled. They can immediately be implemented without any investment. The total energy saving potential is approximately 3.89%. The example of the cement clinker manufacturing process demonstrates the benefits of saving potential evaluation paradigm.
V. CONCLUSION
The thermal energy saving potential evaluation paradigm for the cement clinker manufacturing process, including the energy saving potential check and thermal energy loss distribution histogram, is introduced in this study. This evaluation paradigm depicts the specific energy consumption distribution per ton of product. The main idea of the energy saving potential check is to compare the current energy loss with the best practice, and the thermal energy loss distribution histogram provides transparency visualization about the thermal energy loss potential. A real plant in China is taken as the example to present the benefit of a structured thermal energy saving potential evaluation paradigm. The total energy saving potential can be clearly calculated. The optimum is defined by means of the energy saving potential check where the achievable energy minimum is discussed.
It's just the initial attempt to structuring the energy losses, and its theoretical structure needs further improvement. The methodology can be extended towards a benchmarking standard of energy efficiency for any kind process industry. 
